The relationship between kidney dysfunction, such as chronic kidney disease (CKD), and brain morphology has attracted increasing attention, but the association between kidney dysfunction and cerebral atrophy has yet to be determined. The purpose of this study was to clarify the relationship between kidney function and a substantial degree of cerebral atrophy. A total of 610 consecutive Japanese adults without neurological disorders who had undergone health screening tests of the brain were studied prospectively. Magnetic resonance imaging was performed using a 1.5-T scanner. Using a computer-assisted processing system, the percentage of cerebrum atrophy (%Cerebrum atrophy) was calculated as an index of cerebral atrophy. Atrophy was defined as 42 s.d.s below the mean %Cerebrum atrophy. The glomerular filtration rate (GFR) was estimated using the revised equations for estimated GFR from serum creatinine in Japan. Kidney function variables included the GFR value and the prevalence of subjects with GFR o60 ml min À1 per 1.73 m 2 . Cerebral atrophy was found in 25 (4.1%) cases. Univariate analysis showed that age, male sex, hypertension, each kidney function variable, white matter hyperintensities and lacunae were associated with cerebral atrophy. On logistic regression analysis, GFR (odds ratio (OR), 0.64; 95% confidence interval (CI), 0.42-0.98) and GFR o60 ml min À1 per 1.73 m 2 (OR, 5.93; 95% CI,) were significantly associated with cerebral atrophy. On subanalysis, GFR o60 ml min À1 per 1.73 m 2 was significantly associated with cortical atrophy (OR, 3.23; 95% CI, 1.15-9.11). Decreased GFR was significantly associated with cerebral atrophy, indicating that treatment of CKD may control age-related degenerative processes of the brain.
INTRODUCTION
Generalized cerebral atrophy progresses gradually and subclinically with aging in middle age. However, in elderly people, it increases further and can cause cognitive impairment and decrease activities of daily living. Therefore, it is important to identify the preventable factors that are related to age-specific, generalized cerebral atrophy during the asymptomatic period.
Traditional cardiovascular risk factors, including hypertension, 1 diabetes mellitus, 2 hyperlipidemia, 3 alcohol use 4 and smoking, 3 have been implicated as accelerating the atrophic process. In recent years, kidney dysfunction, such as chronic kidney disease (CKD), has also been accepted as a potent cardiovascular risk factor, [5] [6] [7] and it is being increasingly investigated with respect to its relevance to subclinical magnetic resonance imaging (MRI) abnormalities, with studies examining the correlations between creatinine clearance and cerebral lacunae; 8 cystatin C and cerebral lacunae; 9 microalbuminuria and small vessel disease (SVD); 10, 11 and decreased glomerular filtration rate (GFR) and white matter hyperintensities (WMHs). 12, 13 In addition, a small number of studies have investigated whether kidney function affects generalized cerebral atrophy; 11, 12 however, their results were controversial.
Thus, an analysis of the relationship between kidney function and subclinical age-specific cerebral atrophy was undertaken in a sample of independently living adults with no history of neurological disorders.
METHODS Subjects
A total of 809 consecutive adults underwent health screening tests of the brain in our center at their own expense between December 2005 and May 2008. The same system of health screening tests of the brain was described in previous studies. 14, 15 These individuals were considered potential study subjects. To be included, subjects had to meet the following criteria: (1) age X30 years; (2) no disability in instrumental activities of daily living; (3) ability to independently attend visits for health screening tests of the brain; and (4) voluntary provision of written, informed consent. The exclusion criteria were (1) inability to undergo cerebral MRI; (2) history of symptomatic kidney disease; (3) history of neurological disorder or brain injury; and (4) abnormal neurological examination. All protocols were approved by the institutional review board. Of the 809 potential subjects, 135 subjects refused to enroll, 8 had a history of neurological disorder or brain injury and 1 had a history of symptomatic kidney disease (nephrotic syndrome). Of the remaining 665 subjects, 4 subjects displayed motion artifacts on MRI, 1 had a huge subarachnoid cyst in the cerebrum, 1 could not undergo cerebral MRI because of severe claustrophobia and data required for the analysis were incomplete in 49 subjects (missing MRI, n¼10; missing laboratory data, n¼18; missing educational level, n¼21). As a result, 610 subjects (302 men, 308 women) with a mean age of 56.4 years (standard deviation (s.d.), 9.9; range, 33-85 years) were studied prospectively.
Baseline assessment
Age, sex, past history of ischemic heart diseases, family history of stroke, smoking status, presence of hypertension, diabetes mellitus or hyperlipidemia, blood pressure, years of education and mini-mental state examination (MMSE) score were recorded as baseline clinical characteristics. Hypertension was defined as systolic blood pressure 4140 mm Hg and/or a diastolic blood pressure 490 mm Hg or use of antihypertensive medication. Diabetes mellitus was defined as fasting serum glucose level X126 mg per 100 ml, hemoglobin A1c level X6.5% or use of antidiabetic medication. Hyperlipidemia was defined as fasting serum total cholesterol level X220 mg per 100 ml and/or fasting serum triglyceride levels X200 mg per 100 ml and/or use of antihyperlipidemic agents. Patients who were smokers at the time of their visit were classified as current smokers. Past history of ischemic heart disease, family history of stroke and duration of education were obtained from each subject.
Kidney function
To examine the relationship between kidney function and cerebral atrophy, two variables, the GFR value and the prevalence of subjects with GFR o60 ml min À1 per 1.73 m 2 , which is used as a cutoff point for the diagnosis of CKD, were used. GFR was estimated using the revised equations for estimated GFR from serum creatinine in Japan 16 The level of serum creatinine was determined by an enzymatic method with L-type creatinine M (Wako Pure Chemical Industries, Tokyo, Japan) using a Hitachi 7080 automated analyzer (Hitachi High-Technologies, Tokyo, Japan).
Clinical assessment
All subjects were initially examined by general physicians. Subjects suspected of having neurological deficits or abnormal MRI findings were subsequently examined neurologically by a certified neurosurgeon or neurologist.
MRI
MRI was performed using a 1. (Figure 1 ). First, skull stripping of a T2WI of digital imaging and communication in medicine, involving two slices above the pineal body, was performed. Second, the intracranial space was divided into two areas, the cerebral parenchyma and cerebrospinal fluid (CSF) space, using Cerebral atrophy and kidney dysfunction Y Yakushiji et al a semiautomatic method with an appropriate threshold. The CSF space was separated into the areas of the ventricular CSF and of the sulcal CSF. Then, the areas of the intracranial space, cerebral parenchyma and CSF (ventricular CSF plus sulcal CSF) were quantitatively measured to count the pixels with a given intensity. In addition to %Cerebral atrophy, which was used in the main analysis, the degree of atrophy associated with ventricular enlargement (%Periventricular atrophy), as well as cortical atrophy (%Cortical atrophy), was used in the sub-analysis. Each index of atrophy was calculated as follows: %Cerebral atrophy¼(the area of intracranial space-the area of CSF)/the area of intracranial space; %Periventricular atrophy¼(the area of intracranial space-the area of ventricular CSF)/the area of intracranial space; %Cortical atrophy¼(the area of intracranial space-the area of sulcal CSF)/the area of intracranial space ( Figure 1 ). Atrophy was defined as more than 2 s.d.s below the mean for each index. To enable better comparison of the effects of GFR on different types of atrophy, the z-score for each atrophy type was calculated separately: z-score¼(individual percentage of atrophyÀmean percentage of atrophy)/s.d. Representative images of subjects with %Cerebral atrophy z-scores of À2.00, 0.00 and +2.00 are shown in Figures 1d-f , respectively.
The severity of WMH and the presence of lacunae were independently reviewed by two authors (WMH: ME, YY; lacunae: YN, MN), who were blinded to subject data. The severity of WMH on T2WI and fluid-attenuated inversion recovery imaging was rated according to the Fazekas scale (grade 1, punctate; grade 2, early confluence; and grade 3, confluent). 18 Lacunae were defined as focal, sharply demarcated lesions 43 mm in diameter showing high intensity on T2WI and fluid-attenuated inversion recovery imaging and low intensity on T1-weighted image. The inter-rater reliabilities for WMH and lacunae, expressed as Chohen's kappa, were 0.62 and 0.72, respectively. The intra-rater reliabilities of rating such findings were determined on 50 randomly selected scans that were scored twice and then expressed as Chohen's kappa. Each value ranged from 0.64 to 0.82.
Statistics
Statistical analysis was performed using the Statistical Package for the Social Sciences version 11.0 software (SPSS, Chicago, IL, USA). To compare baseline characteristics and MRI findings between cerebral atrophy and normal groups, the w 2 -test and the Mann-Whitney U-test were used as appropriate. Clinical variables with Po0.20 on univariate analysis, in addition to age and sex, were entered into the multiple logistic regression analysis to determine the significant, independent factors contributing to cerebral atrophy, periventricular atrophy and cortical atrophy. Values of Po0.05 were considered statistically significant.
RESULTS
The values of %Cerebrum atrophy and its z-score ranged from 70.49 to 94.72% and from À3.89 to 2.22, respectively. A total of 25 (4.1%) subjects showed %Cerebrum atrophy 42 s.d.s below the mean (z-score less than À2.0) and were judged to have cerebral atrophy. The values of %Periventricular atrophy and its z-score ranged from 78.68 to 98.26% and from À4.91 to 2.17, respectively. A total of 21 (3.4%) subjects showed %Periventricular atrophy 42 s.d.s below the mean (z-score less than À2.0) and were judged to have periventricular atrophy. The values of %Cortical atrophy and its z-score ranged from 84.79 to 98.07% and from À4.25 to 2.12, respectively. In total, 23 (3.8%) subjects showed %Cortical atrophy 42 s.d.s below the mean (z-score less than À2.0) and were judged to have cortical atrophy. The GFR value ranged from 34.49 to 158.89 ml min À1 per 1.73 m 2 ; 62 subjects (10.2%) had GFR o60 ml min À1 per 1.73 m 2 .
The baseline clinical characteristics, kidney function variables and MRI findings of the cerebral atrophy and normal groups are shown in Table 1 . Cerebral atrophy was significantly associated with aging, male sex, hypertension, lower MMSE score, lower GFR, GFR o60 ml min À1 per 1.73 m 2 , severity of WMH and presence of lacunae.
Because both kidney function variables were significantly associated with cerebral atrophy on univariate analysis, whether each was independently associated with cerebral atrophy was then determined. Primary logistic regression analysis was adjusted for age, sex, hypertension, WMH and lacunae (Table 2 : models 1 and 3). Systolic blood pressure and diastolic blood pressure, which were thought to be confounding factors of history of hypertension, also tended to be associated with cerebral atrophy. However, history of hypertension was used for multivariate analysis, because it displayed a lower probability value than systolic blood pressure and diastolic blood pressure. Of the 205 subjects with a history of hypertension, 125 had used some antihypertensive drugs; however, information about the duration of hypertension and the antihypertensive regimens was not obtained. Although the MMSE score should be considered a result, not a risk factor, of cerebral atrophy, it was also included in the final logistic regression analysis (Table 2 : models 2 and 4). Thus, each kidney function variable was significantly associated with cerebral atrophy in each model (Table 2) . Age, male sex and severity of WMH were also significantly associated with cerebral atrophy in each logistic regression analysis. The association between the degree of cerebral atrophy (z-score) and the GFR value is shown in Figure 2a .
For the sub-analysis, logistic regression analysis was performed to examine the association between kidney function variables and periventricular atrophy, as well as cortical atrophy (Table 3) . Primary logistic regression analysis was adjusted for age, sex, hypertension, WMH and lacunae. For the final logistic regression analysis, the MMSE score was added to the variables. As a result, GFR o60 ml min À1 per 1.73 m 2 was significantly associated with cortical atrophy in each analysis (Table 3 : models 3 and 4). The association between the degree of cortical atrophy (z-score) and the GFR value is shown in Figure 2b . DISCUSSION This is the first study to demonstrate the relationship between decreased GFR and age-specific, generalized cerebral atrophy in adults without neurological disorders. All subjects enrolled in this study were independent in daily life, had no history of neurological disorders and were demonstrated to have normal neurological examinations. The data show that both continuous GFR decrease and GFR o60 ml min À1 per 1.73 m 2 were significantly and independently associated with cerebral atrophy. The effect of GFR on cerebral atrophy appears to be independent of coexisting traditional risk factors for cerebrovascular disease.
A recent population-based cohort study found that decreased GFR had significant associations with decreased deep white matter volume, but not with decreased whole brain volume. 12 It seems that the inconsistent result for the relationship between brain atrophy and GFR is partially due to the difference in the study population and the method of atrophy measurement. However, the major cause of difference may be the classification of atrophy, which was divided into quartiles of brain volume in the previous study, but into two groups using a cutoff point at À2 s.d.s of the mean %Cerebrum atrophy in this study. Thus, decreased GFR might correlate with marked cerebral atrophy that exceeds a certain threshold. Although the mechanisms underlying the pathological association between kidney dysfunction and marked cerebral atrophy remain unclear, several hypotheses might explain such an association. First, the similarity of the vascular bed function of the kidney and brain should be considered. The vascular beds of both organs have very low resistance and are passively perfused at high flow throughout systole and diastole. 19 Such common function might be related to the finding that there is an association between degeneration of both organs, such as CKD or SVD. 12 Second, endothelial dysfunction might be an influential cofactor for damage of both organs. When the endothelium is damaged, a complex inflammatory and genomic response initiates a positive feedback cycle of injury, immunological induction and amplification. 20 Such a condition could reduce endothelial nitric oxide synthase activity, which regulates the microcirculation and blood-brain barrier, 21 and it might contribute to the progression of CKD, as well as SVD. The renin-angiotensin-aldosterone system, which affects blood pressure regulation, vasoconstriction, thrombosis and vessel wall damage, also should be considered as one of the cofactors for degenerative changes in both CKD and SVD. A consensus has emerged that treatment with renin-angiotensin-aldosterone system blockers, such as angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, has a specific renoprotective effect, but the direct efficacy of such regimens on SVD progression has not yet been proven. 22, 23 According to previous reports that demonstrated the association between kidney dysfunction and SVD, [8] [9] [10] [11] [12] [13] it can be also considered that the deterioration of kidney function takes part in cerebral atrophy through the SVD progress. As SVD mainly affects deep perforating arterioles, it was expected that decreased GFR might relate more closely to periventricular atrophy than cortical atrophy. However, in our sub-analysis, a substantial degree of GFR decrease (o60 ml min À1 per 1.73 m 2 ) had a significant relevance to cortical atrophy but not to periventricular atrophy. Thus, the influence of kidney dysfunction on cerebral atrophy, in particular cortical atrophy, seems to be caused not only by SVD but also by other pathogenetic mechanisms that were not examined in this study, such as genetic factors and neurotoxic effects caused by elevated homocysteine levels. 24, 25 The present results, which demonstrated that marked cerebral atrophy was strongly associated with aging, male sex and WMH, are consistent with those of previous studies. 3, [26] [27] [28] Several populationbased studies have examined the relationship between cerebral atrophy and cognitive decline. [29] [30] [31] However, our logistic regression analysis showed no significant correlation between MMSE score and cerebral atrophy. Such inconsistency in the results may be caused by the relatively younger population (mean age, 56.4 years) in this study. In fact, a previous Japanese population-based study in which most subjects were 470 years old demonstrated the effect of cerebral atrophy on cognitive impairment using the same imaging methodology. 17 This study had several limitations. First, there might have been selection bias. As the present subjects were Japanese adults who sought health screening tests of the brain at their own expense, a possible selection bias may have existed toward individuals who were relatively affluent or had a high degree of concern for their own health. Such bias might have been affected by differences in educational background and socioeconomic status, which are considered risk factors for cardiovascular disease. 32 The fact that nearly a quarter of all of the individuals who were considered potential study subjects (n¼199/809; 24.6%) were excluded from the analysis could also be a selection bias. On univariate analysis comparison of the included (n¼610) and excluded (n¼199) groups (the number of excluded subjects in each evaluation is different; see Supplementary Information), the excluded group seemed to include younger males with a lower prevalence of family history of stroke and shorter duration of education. These differences could be a selection bias. However, there were no differences in the main variables of this study, such as kidney function and MRI findings, between the included and excluded groups. Second, this study was based on a cross-sectional design, which limits the interpretation of our results with respect to cause and effect. Third, to evaluate kidney function, estimated GFR using serum creatinine-based formulas with a single blood sample was used, but the urinary albumin concentration was not used. Although this is common practice in epidemiological studies, it is recommended that, to diagnose CKD, GFR be estimated using multiple serum samples and the diagnosis be confirmed with continuous urinary albumin measurements. Thus, one should be cautious when classifying subjects with GFRo60 ml min À1 per 1.73 m 2 as having CKD in this study. Fourth, information about the kinds of drugs that were used at baseline, as well as duration of medication, could not be obtained. Considering our result, as well as cohort studies that enrolled neurologically healthy subjects that revealed no significant correlation between hypertension and cerebral atrophy, 26,28 the effect of hypertension on cerebral atrophy appears to be an interaction with age. 1 In contrast, interestingly, a previous study that enrolled dialysisdependent patients with kidney disease demonstrated that severity and duration of hypertension could be correlated with cerebral atrophy in middle-aged patients. 33 Thus, there might be some impact of hypertension (not only presence but also severity or duration) on cerebral atrophy among subjects with kidney dysfunction. Not only antihypertensive drugs (especially renin-angiotensin-aldosterone system blockers) but also antihyperlipidemic drugs (especially statins) might have a preventive effect against CKD, 34 neuropathological degeneration and cognitive decline. [35] [36] [37] Thus, lack of information about such medications may have been responsible for the result that there was no significant association between cerebral atrophy and hypertension or hyperlipidemia. Finally, as our study sample size was relatively small, categorical variables, such as age (per decade), sex, severity of WMH and subjects with GFR o60 ml min À1 per 1.73 m 2 , appeared to have a high odds ratio (approximately two-to fivefold), as well as wide 95% confidence interval ranges, for predicting cerebral atrophy. Thus, caution should be exercised when interpreting these values, which might be exaggerated.
In conclusion, this cross-sectional study offers the first evidence that decreased GFR, particularly o60 ml min À1 per 1.73 m 2 , is significantly associated with a substantial degree of cerebral atrophy, indicating that treatment of CKD might control age-related degenerative processes of the brain. The present results imply that a trial to prevent GFR decline using such drugs might slow cerebral atrophy. Further investigations of this interesting association, which suggests the possibility of prevention, are needed.
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